The effective refractory period was determined at the surface and in the deeper laj'ers of the dog heart and was correlated with the surface T-waves. A small delay in recovery of cardiac excitability appeared at the surface when T-waves were negative and in the deeper layers when T-waves were positive. Acute injury produced by ligation of the coronary artery caused a marked acceleration of recovery in the deeper layers, sometimes extending to the surface.
T O ACCOUNT for normal upright Twaves in surface leads, modern electrocardiographic theory requires that there be a delay of the recovery process at the subendocardial layer of the ventricles. Furthermore, it assumes that in most abnormal conditions which alter the T-wave this normal gradient between subendocardial and subepicardial recovery time is changed. For instance, in epicardial ischemia it is assumed that a local delay in recovery at the subepicardial layer will explain the observed negative T-wave at the surface, since in this instance the recovery "wave" will travel in the same direction as activation. Over the years careful observations of the T-wave changes in known pathologic conditions, such as pericarditis and myocardial infarction, in which the ax'ea of ischemia or injury can be identified with fair certainty have supported this theory. Actually, very little is known of the recovery rates, especially in the deeper layers of the myocardium.
Since there is evidence that a close relationship exists between the refractory period and the duration of electrical recovery, and especially since few systematic studies employing measurements of the refractory period to study T-waves have been done, it was decided to carry out an investigation of this kind. Many investigators have felt that the length of the refractory period and the duration of electrical recovery (or the mouophasic action potential) at any area in the heart are closely related. Sanderson and Page 1 pointed out this relationship in 1879, and many workers subsequently 2 " 0 have expressed similar views. While agreeing in general with this concept, others 7 " 10 found that under unusual circumstances, like abnormally low temperature or with poisoning due to veratrine or muscarine, excitability of the myocardium, as manifested by the refractory period, was no longer a reliable index of the duration of electrical systole. Weidmann 11 . and Hoffman, Kao and Suckling 12 in recent studies, employing mieroelectrodes to measure transmembrane potentials, have demonstrated a quantitative relationship between the refractory period and the extent to which the monophasic action potential has returned toward the resting level. With the evidence available on this point and, particularly, under the limited conditions involved in the present studies, it seems proper to assume that the refractory period, as it has been measured, marks a constant point in and parallels the progress of the total duration of local electrical recovery.
METHODS
In these studies measurements were made of the effective refractory period as defined by Lewis and Drary. 13 This differs from the absolute re- 
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FIG. 1. The 4. electrode assemblies are similar except to the depth of the subendocardial recording mid stimulating electrodes, which are 10 mm. for the base of the left, ventricle, 9 mm. for the lateral left ventricle, 7 nun. for the apex and 3 mm. for the anterioi surface of the right ventricle. Each set contains 8 separate electrodes, 2 pairs of differential recording electrodes and 2 pairs of bipolar stimulating electrodes. The deeper electrodes are insulated except for the tip. The stimulating electrodes are 1 mm. apart and line up perpendicularly to the recording pair to reduce stimulus artefact. frnetory period in that only propagated responses are considered.
Thirty-nine experiments in which paired observations were made from the epieardium and subendoeardiuin were carried out in 12 mongrel dogs weighing between 6 and 8 Kg. Each animal was anesthetized with sodium pentobarbital, intubated and maintained on artificial respiration. The hearts were driven at a constant rate with a bipolar electrode sewed to the right atrinl appendage witli a second stimulator arranged to impress a test stimulus, at any desired time after those of the primary pacemaker, to bipolar electrodes at the epicardium and endocardium. The time of arrival of! this initial driving stimulus (S-l) was measured by a pair of differential electrodes located 5 mm. from the test site at both the epicardium and endocardium. Simultaneous recordings from the recording and stimulating pair of electrodes showed synchronous ar-rival of excitation at both pair, indicating the validity of using the one pair as a time reference for the second pair. Figure 1 shows 4 sets of electrodes each containing the differential recording electrodes and bipolar stimulating electrodes for both epicardial and subendocardial measurements.
The equipment and circuit arrangements for the rhythmic driving and test impulses were essentially similar to those employed by van Dam and associates. 14 All stimuli were square wave pulses of 0.5 msec, duration. The driving stimuli were just above threshold, and the test stimuli were suprathreshold pulses of 2 ma., which was two or more times threshold. The mean threshold determination for all of the tests was 0.62 ma.
Since it is believed that the end of the effective refractory period measures a constant point near the end of the recovery interval, to decide whether recovery is completed first at the epicardial or the endocardia.1 surface, the time elapsing between endocardial and epicardial excitation must be added to the refractory period determined at the epicardial site, and this "corrected" refractory period be compared with the endocardial refractory period. Thus, in the experiment illustrated in figure 2, adding 22 msec, activation time to 138 msec, means that epicardial recovery was completed 160 msec, after the onset of endocardial excitation. This is S msec, less than 16S msec, the duration of the endocardial refractory period, hence recovery ends 8 msec, earlier in the epicardial than in the endocardial muscle. These "corrected" epicardial refractory periods are used throughout this paper.
RESULTS
The purpose of the experiment was to try to determine the local order of transmural recovery at different sites under the conditions of the experiment. These conditions were uniform, but could not be considered normal. Attempts were made to simulate physiologic conditions, such as reducing the operating time as much as possible, closing the chest completely after insertion of electrodes and placing a heating pad over the incision. Despite these precautions, the unipolar epicardial T-waves were negative, with only a few exceptions.
The comparable values of subendocardial effective refractory period and corrected epieardial refractory period are plotted in figure  3 . From the data in 29 paired observations ORIGIN OF T WAVES 945 taken from ventricular sites witli negative or flat surface T-waves, 24 show that the epicardium passes out of the refractory state later than the endocardium, 2 show simultaneous recovery, and 3 show that the epicardium passes out of the refractory state in advance of the subendocardial layer. In these instances, with negative or flat surface Tvvaves, there was a mean delay at the epicardial surface of 11.2 msec.
The same procedure was used to study the effective refractory period before and after the production of acute myocardial infarction. The only change in technic was to locate the electrode directly over the muscle supplied by a small branch of the left anterior descending coronary artery. The artery selected measured about 1 mm. in external diameter and on ligation produced a hemorrhagic area measuring approximately 1 cm. in diameter on cut section. Following ligation of the coronary artery branch, the Twaves were observed until relative stability occurred or nothing happened, at which time without any change in the experimental setup, a second series of measurements were made. These are recorded in table 1. In 3 instances only minor changes in the T-waves occurred, and no infarction could be identified grossly several hours later. In all 3 of these instances only minor changes occurred in the effective refractory period at either the endocardium or epicardium, and these were usually opposite in direction to those found after infarction. In 1 of these experiments the ligature was released, and a third determination done an hour later was within the same range as the control experiment. These 3 experiments serve as controls showing the relative stability of the measurements.
In 5 instances in which infarction could be identified grossly, the effective refractory period was significantly reduced at the subendocardial level in every one, with a mean reduction of 24.5 msec, from control value. At the surface the effective refractory period was significantly reduced in 2 (-39 and -32 msec.), unchanged in 1 and increased in 2 2 Top. An illustration of tlie method of measuring the effective refractory period in an animal in which direct surface leads showed positive T-waves. S-] marks the delivery of the driving stimulus to the atria, following which the P-wave may be seen in the unipolar epieardial lead. The short spike in the endocardia! differential load marks the arrival of excitation at the subendocardial test site and, in this experiment 22 msec, later, the spike in the epieardial differential lead marks tlie arrival of excitation at the surface tost site. The test stimulus, S-2, is then delivered to the epieardial stimulating electrodes in the upper set of tracings and at a later time to the subendocardial stimulating electrodes as shown in the lower sot of tracings.
PIG. 3 Botiom. This graph compares the end of the refractory period at one surface with another in those instances in which surface leads showed negative Twaves. Sloping lines to the right, indicate delayed epieardial recovery time.
(+9 and +27 msec.) over the control. If these values are handled in the same wa,y as the control data to establish the order of recovery, in every instance but one there was a delay in the completion of recovery at the surface. In all 5 instances of acute infarction marked RS-T junction elevation and strikingly positive T-waves were observed. No significant Q-waves were observed during the measurements, but several of the animals 946 showed such changes several hours later. Figure 4 is an example of the changes in the effective refractory period before and after ligation of a branch of the left anterior descending coronary artery over the lateral wall of the left ventricle. Note the marked shortening in the effective refractory period at both the epicardium and endocardium associated with an elevation of the RS-T junction and tall T-waves at both epicardium and endocardium.
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DISCUSSION
It is apparent from these studies that despite fairly large local differences in the duration of the effective refractory period, the surface and deeper layers complete recovery in an orderly fashion and within a small space of time compared with the total duration of the effective refractory period. Until the final rapid phase of recovery, all fibers from the deeper layers to the surface must have been in the process of recovery simultaneously.
Studies of trausmembrane action potentials such as have been done by "Woodbury, Hecht, Christopherson and Woodbury 15 " 18 and Draper and Weidmann 19 provide evidence that the onset of recovery is prompt following activation and then pi-ogresses slowly over a large part of the recovery interval, finally gathering speed toward the end as the diastolic resting potential is reached. It is reasonable to assume that this is true of every cell throughout the ventricles, and it follows that the order in which the ventricles begin recovery is approximately the same order in which they undergo activation.
It may facilitate understanding of the recovery process to consider the onset of recovery as a wavefront which follows the general order of activation. After the onset many cells are recovering at various slow rates. Finally, after a long interval, each cell completes the process rapidly. The order of completion locally may be directed inward or outward as suggested by the data offered. The termination of recovery wherein the rate of change is rapid is represented by the trailing surface of the recovery wave. However, the time involved in recovery is so long that the length of the wave is greater than the local path over which it appears to pass.
This concept is not a departure from conventional ideas, but rather clarifies the temporal relationships. For instance, in classical theory certain negative T-waves are explained by a local delay of recovery at the epicardial surface or throughout the local region as compared with other regions. It is clear that this delay refers to the relative time of completion of recovery, and not to the onset of recovery. Studies on membrane action potentials under conditions of low oxygen ten- The data presented here further show that in general the completion of recovery appears to be correlated with the polarity of the surface T-wave.* This interesting correlation helps to understand the temporal relationships in the local order of recovery associated with a change in, the polarity of the "This does not imply that the form of T is solely determined by the local order of recovery. Bayley" 0 has stated that the regression potential at any exterior point is the sum of a large number of solid angles, each one subtended at the field point by a boundary of an isointensity surface of polarization on the epicardial or endocardia! surface. Thus the regression potential is a function of the order of recovery of these two large surface areas.
T-wave. For instance, a positive T-wave in one instance was associated with an 8 msec, earlier recovery at the epicardial surface, but when the surface T-waves were negative or flat, almost uniformly there was a small delay in recovery at the epicardium.
Following ligation of a coronary artery, acute injury consistently produced accelerated recovery in the subendocardial region with elevation of the R-ST segment and tall upright T-waves in the surface records. The usual explanation for such upright T-waves, namely delay of recover}' in the inner layers, obviously does not apply here.
Support for our observation that injury due to anoxia may shorten the recovery process is found in studies by Tautwein 21 who described marked shortening of the trans-948 REYNOLDS, VANDBR membrane action potentials of the excised papillary muscle of the cat and dog when the muscle was perfused with fluid with low oxygen tension. He further found that this change was reversible when normal oxygen tension was restored.
To explain the R-ST segment elevation and upright T-waves found in surface leads in our experiments we suggest that, with partial loss of integrity of the cell membranes, these leads reflect, to some extent, intraeellular potential changes. This view is supported by the fact that the upright T-waves are sometimes of enormous height and the complexes closely resemble true transmembrane action potentials. SUMMARY These studies show that in general the order in which local ventricular muscle units recover excitability is correlated with the epicardial T-waves as recorded in direct unipolar leads. When the T-wave is negative or flat, the epieardial surface recovers by a mean delay of 11.2 msec, compared to the subendocardial level. In one experiment in which the direct lead recorded a positive T-wave, the epieardial surface units recovered 8 msec. in advance of the deeper subendocardial layer. They further show that both surface and deeper layers in a limited area complete recovery within a short space of time, thus suggesting that the majority of cardiac fibers recover during the same period of time. Since only slight changes in the rate of recovery at the surface or in the deeper layers are apparently necessary to alter the polarity of the T-wave, this partly explains the lability of the T-wave. Studies in the acute injury state produced by experimental coronary artery ligation show accelerated subendocardial recovery sometimes extending to the surface in association with tall positive T-waves.
SuMMARIO IN INTERLINGUA
Le studios hie reportate demonstra que, a generalmeute parlar, le ordine in que local imitates de musculo ventricular recovra lor excitabilitate es correlationate con le undas T epieardial como illos es registrate in directe derivationes unipolar. Quando le unda T es negative o plan, le superficie epieardial effectua su recovramento con un retardo medie de 11,2 msec, comparate eon le region subendocardial. In un experimento in que le derivation directe registrava un positive unda T, le imitates de superficie epieardial effectuava lor recovramento 8 msec ante le plus profunde strato subendocardial. Le studios etiam monstra que stratos tanto superficial como etiam profunde in un area circumscripte completa lor recovramento intra un breve periodo de tempore. Isto pare iudicar que le majoritate del fibras cardiac effeetua lor recovramento al mesine tempore. Viste que alterationes multo leve in le rapiditate del recovramento al superficie o in stratos plus profunde suffice apparentemente pro alterar le polaritate del unda T, isto explica in parte le labilitate del unda T. Studios in stato de vulneration acute (producite per le ligation experimental del arteria coronari) monstra que le recovramento subendocardial se extende a vices usque al superficie in association con undas T de alte positivitate.
